











































































was	 applied	 in	 combination	 with	 a	 two‐step	 multivariate	 modeling	 procedure.	 In	 first	
instance,	a	SIMCA	(Soft	Independent	Modeling	of	Class	Analogy)	model	was	developed	and	
validated,	 allowing	 the	 distinction	 between	 the	 different	 laundry	 detergents.	 Once	 the	
product	 was	 correctly	 identified,	 it	 was	 aimed	 at	 predicting	 the	 concentration	 of	 its	







2.5	 %.	 Accuracy	 profiles	 based	 on	 the	 analysis	 results	 of	 validation	 samples	 were	 then	
calculated	 to	 prove	 the	 reliability	 of	 the	 developed	 regression	 models.	 β‐expectation	
tolerance	 intervals	were	 calculated	 for	 each	model	 and	 for	 each	 validated	 concentration	
level.	The	acceptance	 limits	were	set	at	5	%	relative	bias,	 indicating	that	at	 least	95	%	of	
future	measurements	should	not	deviate	more	than	5	%	from	the	true	value.	Furthermore,	
based	on	the	data	of	the	accuracy	profiles,	the	measurement	uncertainty	was	determined.	



















Dosing	 of	 these	 cleaning	 agent	 constituents	 should	 be	 performed	 accurately,	 as	 the	
incapacity	of	meeting	the	preferred	specifications	could	negatively	impact	the	cleaning	or	
care	ability	of	 the	 composition.	Further,	 it	 could	adversely	affect	 factors	 such	as	physical	
stability,	odor	profile,	safety	profile	or	regulatory	compliance.		
Since	 the	 publication	 of	 the	 process	 analytical	 technology	 (PAT)	 guidance	 by	 the	
American	Food	and	Drug	Administration	(FDA)	in	2004,	it	is	generally	accepted	that	quality	
should	be	built	into	products	rather	than	be	tested	afterwards,	preventing	the	process	from	
being	 an	 un‐comprehended	 black	 box	 system	 [1],[2].	 Thus,	 advanced	 manufacturing	
practices	are	being	implemented	in	the	pharmaceutical,	chemical,	biotechnological	and	food	
industry,	 enhancing	 process	 efficiency	 and	 guaranteeing	 product	 quality	 [3–9].	 The	
consumer	goods	 industry,	on	 the	contrary,	has	been	slow	at	adapting	 this	PAT	approach.	












liquid	 precursors.	 These	 intermediates	 of	 the	 liquid	 detergent	 production	 process	 are	
mixtures	of	 liquid	detergents	based	on	 simple	blending	of	 cleaning	 ingredients,	 to	which	
perfume,	dyes	and	enzymes	are	added	later	to	create	the	final	washing	liquid	product.	During	
manufacturing	of	these	liquid	compositions,	several	chemical	reactions	take	place	between	
the	 combined	 constituents,	 so	 the	 term	mixture	 is	 not	 employed	 in	 its	 purely	 chemical	
definition.	 Whenever	 the	 authors	 refer	 to	 a	 mixture,	 the	 liquid	 composition	 formed	 by	
assembling	 detergent	 ingredients	 is	 meant,	 not	 implying	 a	 lack	 of	 chemical	 interaction	
during	production.		
A	method	based	on	the	combination	of	Raman	spectroscopy	with	multivariate	modeling	
was	 developed	 to	 predict	 the	 composition	 of	 the	 complex	 liquids	 non‐destructively	 and	





seems	 endless	 and	 the	 use	 in	 other	 industries	 (e.g.	 food,	 forensics,	 plastic	 sorting	 and	




between	 the	 five	 types	 of	 laundry	 liquid	 precursors	 implemented	 based	 on	 their	 Raman	
	 6
spectra,	 thus	 identifying	 the	 sample	 in	 front	 of	 the	 probe.	 Next,	 the	 composition	 of	 the	
complex	 liquids	 is	 checked	 during	 the	 quantification	 step.	 More	 concrete,	 partial	 least	
squares	 (PLS)	models	 regressing	 Raman	 spectra	 versus	 the	 chemical	 composition	 of	 the	




executed	 by	 calculating	 accuracy	 profiles.	 This	 validation	 procedure,	 introduced	 by	 the	
Société	Française	des	Sciences	et	Techniques	Pharmaceutiques	(SFSTP)	[19],[20]	is	widely	
accepted	in	the	pharmaceutical	field	as	can	be	derived	from	the	numerous	applications	in	
literature	 [10],[21]–[28].	 To	 our	best	 knowledge,	 no	 applications	 are	 published	 from	 the	
consumer	goods	industry,	making	this	a	cutting‐edge	approach	in	the	business.		










The	 examined	 laundry	 liquid	 precursors	 are	 mixtures	 of	 detergent	 ingredients	
consisting	of	10	to	15	components	that	are	blended	together	into	a	homogeneous	fluid.	
The	 five	 precursors	 under	 investigation	 differ	 in	 terms	 of	 compounds	 present	 and	






Calibration	 standards	were	 prepared	 per	 laundry	 liquid	 precursor	 according	 to	 a	
central	 composite	 circumscribed	 (CCC)	 experimental	 design	 created	 in	 MODDE	
(Umetrics,	 Sweden).	 Since	 it	was	 aimed	at	 predicting	 the	 concentration	of	 a	 few	main	
ingredients,	these	key	components	were	introduced	as	quantitative	factors	in	the	design	
wizard.	 A	 range	 of	 ±	 5	 %	 around	 the	 target	 was	 set	 to	 create	 the	 lower	 and	 upper	
concentration	 level.	 For	 detergents	 1,	 4	 and	 5,	 this	 resulted	 in	 the	 development	 of	 a	
calibration	 set	 consisting	 of	 29	 lab‐made	 samples.	 The	 concentration	 levels	 of	 each	
ingredient	vary	on	5	levels	within	this	set,	spanning	a	range	between	88	and	102	%	of	
their	 targeted	quantity.	Since	detergents	2	and	3	contain	only	4	of	 the	key	 ingredients	
















All	 measurements	 were	 performed	 using	 a	 RPA‐HE	 785	 Raman	 spectrograph	





















A	 soft	 independent	 modeling	 of	 class	 analogy	 (SIMCA)	 classification	 model	 was	
developed	to	distinguish	between	the	five	types	of	laundry	detergents.	The	election	of	this	
class‐modeling	method	is	based	on	two	main	advantages	over	pure	pattern	recognition	
techniques	 such	 as	 PLS‐DA	 (Partial	 Least	 Squares	 –	 Discriminant	 Analysis).	 In	 first	
instance,	SIMCA	allows	for	adding	supplementary	classes	without	requiring	recalculation	
of	 the	 already	 existing	 class	 models.	 This	 is	 very	 beneficial	 since	 new	 or	 improved	
formulas	could	easily	be	implemented	without	disturbing	the	current	models.	Secondly,	














performed	 to	 correct	 for	 baseline	 shifts.	 The	 data	 were	mean	 centered	 and	 principal	
components	 analysis	 (PCA)	 models	 were	 fitted	 using	 the	 spectra	 of	 each	 detergent,	




matrix	 and	 confusion	 table	 of	 the	 SIMCA	 model.	 Hotelling’s	 T2	 and	 Q	 residuals	 are	
summary	statistics	that	indicate	how	well	a	model	is	describing	a	given	sample	and	why	
that	 sample	has	 its	observed	score.	Hotelling’s	T2	or	 simplified	T2,	 is	a	measure	of	 the	
variation	in	each	sample	within	the	model.	It	is	calculated	as	the	sum	of	the	normalized	
squared	 scores	 and	 indicates	 how	 variables	 deviate	 from	 the	 center	 of	 the	 model.	 Q	
























each	 individual	 compound	 in	 distinctive	 matrices,	 separate	 regression	 models	 were	
constructed	per	ingredient	per	detergent	(PLS1).	This	resulted	in	a	total	number	of	23	PLS	
models	to	be	developed.	Three	Raman	spectra	were	collected	per	calibration	standard.	
Two	 different	 operators	 performed	 sample	 measurements	 in	 random	 order	 on	 three	
different	days.	The	spectral	data	were	regressed	against	the	amount	of	the	component	of	




During	 this	 qualitative	 analysis,	 abnormalities	 and	 outliers	 could	 be	 detected	 before	
starting	model	regression.		
For	 the	 development	 of	 the	 PLS	 regression	 models,	 several	 spectral	 ranges	 were	
selected,	numerous	spectral	filters	were	applied	and	different	numbers	of	latent	variables	
were	chosen	for	comparison	(Table	3).		









An	assortment	of	 spectral	 filters	and	 their	mutual	 combinations	was	applied	 to	all	
data,	followed	by	mean	centering.		
3	 to	 10	 latent	 variables	 were	 selected	 based	 on	 the	 inspection	 of	 the	 predictive	
properties,	expressed	by	the	RMSEP	values,	 in	function	of	the	order.	The	RMSEP	(Root	
Mean	Square	Error	of	Prediction),	is	defined	by	(Eq.	2):	




verification	samples	prediction.	The	optimal	number	of	 latent	variables	 is	 typically	the	
number	at	which	 the	addition	of	 another	 latent	 variable	does	not	greatly	 improve	 the	
performance	of	the	model	(i.e.	decrease	the	RMSEP	value).		
Using	 the	 model	 optimizer	 of	 PLS_Toolbox	 (Eigenvector	 Research,	 Inc.,	 USA),	
hundreds	of	regression	models	were	examined	for	each	ingredient.	Inspecting	the	models	
ability	to	predict	the	concentration	of	the	validation	and	verification	samples	accurately	
assessed	 the	 performance	 of	 the	 calibration	 models.	 Next	 to	 the	 investigation	 of	 the	
RMSEP	 values,	 the	 recovery	 and	 relative	 standard	 deviation	 were	 computed	 for	 all	
samples.	The	recovery	was	calculated	for	each	object	i	as	(Eq.	3):	
recovery	=	(ypred,i	/	yobs,i)	X	100	%		 	 	 	 	 	 (Eq.	3)	





Nevertheless,	 these	 results	 do	 not	 guarantee	 the	 models	 reliability	 for	 future	
application	 at	 manufacturing	 scale.	 As	 these	 traditional	 model	 statistics	 are	 proven	





In	 order	 to	 accurately	 estimate	 the	 predictive	 power	 of	 the	 calibration	models	 in	
routine,	 the	 three	 candidate	models	 for	 each	 ingredient	 of	 each	 complex	 liquid	 were	
investigated	in	closer	detail	during	this	validation	step.	This	resulted	in	the	selection	of	
the	final	models	and	the	guarantee	that	future	measurements	will	be	close	enough	to	the	
unknown	 true	 value	 of	 the	 component	 in	 the	 sample.	 It	 was	 aimed	 at	 including	 all	
variability	 sources	 that	 the	 models	 might	 meet	 during	 future	 routine	 use.	 Therefore,	
several	concentration	levels	were	investigated,	different	raw	material	batches	were	used	
for	 sample	 preparation	 and	 both	 lab‐made	 and	 industrial	 samples	were	measured	 by	
different	operators,	taking	between‐day	and	within‐day	variability	into	account.	




analyst	 is	 willing	 to	 take	 during	 routine	 use.	 This	 can	 be	 expressed	 by	 the	 following	
equation	(Eq.	4):	
	 14
P(x‐μT	<	λ)	≥	β		 	 	 	 	 	 	 	 (Eq.	4) 	










The	 standard	 deviation	 of	 the	 β‐expectation	 tolerance	 intervals	 can	 be	 used	 for	
assessment	 of	 the	 standard	 uncertainty	 in	 the	measurements	 [29].	 The	 uncertainty	 is	
defined	as	a	parameter	associated	with	the	result	of	a	measurement,	which	characterizes	
the	 dispersion	 of	 the	 values	 that	 could	 reasonably	 be	 attributed	 to	 the	 measurand	
[30],[31].	 The	 International	Organization	 for	 Standardization	 (ISO)	 suggested	 in	 guide	
21748	to	estimate	the	measurement	uncertainty	using	repeatability,	reproducibility	and	






Five	 local	 PCA	 models	 were	 fitted	 to	 all	 Raman	 spectra	 of	 the	 laundry	 detergent	





local	 detergent	 PCA	model,	 explaining	 at	 least	 96	%	 of	 the	 variance	 in	 the	 individual	
datasets.		





After	 correct	 identification	 of	 the	 laundry	 detergent	 in	 the	 sample	 holder,	 the	
concentration	of	 the	 liquid	detergents	main	 ingredients	 is	 to	be	predicted.	PLS	models	
developed	from	the	Raman	spectra	with	different	spectral	ranges,	several	pre‐processing	
techniques	 and	 a	 varying	 number	 of	 latent	 variables	 were	 created	 per	 component	 of	
interest	 within	 each	 laundry	 liquid.	 The	 model	 performance	 was	 then	 evaluated	 by	
inspecting	their	ability	to	predict	the	validation	and	verification	samples	correctly.		
The	optimum	number	of	latent	variables	for	each	model	was	selected	after	inspection	
of	 the	 RMSEP	 in	 function	 of	 the	 number	 of	 components.	 As	 an	 example,	 the	 model	
statistics	plot	of	model	candidate	a	predicting	ingredient	B	in	detergent	3	is	presented	in	
fig.	3.	In	this	illustration,	five	latent	variables	were	selected,	as	no	significant	decrease	of	










5).	 For	 ingredient	 A	 in	 detergent	 3,	 we	 did	 not	 succeed	 at	 developing	 a	 satisfying	
calibration	model	using	the	data.	This	is	most	probably	due	to	the	low	detection	sensitivity	
of	Raman	spectroscopy	for	this	compound.		























selected	 after	 validation.	 All	 of	 these	 models	 had	 accuracy	 profiles	 lying	 within	 the	
predefined	acceptance	limits	over	the	validated	concentration	range,	guaranteeing	that	
each	 further	measurement	 of	 unknown	 samples	will	 be	 included	within	 the	 tolerance	
limits	set	at	the	5	%	level.		






















the	 data	 used	 in	 this	 validation	 approach	 were	 used	 to	 assess	 the	 uncertainty	 of	
measurements	by	estimating	the	uncertainty	of	bias	as	well	as	the	expanded	uncertainty	at	
each	concentration	level.	







































































































































  ingredient A  ingredient B ingredient C ingredient D  ingredient E
detergent 1  3.894 %  9.009 % 6.597 % 4.687 %  4.821 %
detergent 2  11.252 %  not present 6.902 % 4.247 %  3.982 %
detergent 3  1.876 %  14.710 % 9.406 % 4.158 %  not present
detergent 4  14.904 %  14.869 % 10.829 % 14.189 %  5.012 %







  sample set  sample  number of  concentration levels  
  preparation samples of each key ingredient 
DETERGENT 1 
calibration set  lab‐made  29  target, target ± 5 %, target ± 12 % 
production  5 target 
validation set  lab‐made  6 target ± 1 %, target ± 4 %, target ± 10 %
production  3 target 
verification set  production  30 target 
DETERGENT 2 
calibration set  lab‐made 27 target, target ± 5 %, target ± 10 %production  5 target 
validation set  lab‐made  6 target ± 1 %, target ± 4 %, target ± 10 %production  3 target 
verification set  production  30 target 
DETERGENT 3 
calibration set  lab‐made 27 target, target ± 5 %, target ± 10 %
production  5 target 
validation set  lab‐made  6 target ± 1 %, target ± 4 %, target ± 10 %
production  3 target 
verification set  production  30 target 
DETERGENT 4 
calibration set  lab‐made 29 target, target ± 5 %, target ± 12 %
production  5 target 
validation set  lab‐made  6 target ± 1 %, target ± 4 %, target ± 10 %
production  3 target 
verification set  production  30 target 
DETERGENT 5 
calibration set  lab‐made 29 target, target ± 5 %, target ± 12 %
production  5 target 
validation set  lab‐made  6 target ± 1 %, target ± 4 %, target ± 10 %
production  3 target 































detergent 1  detergent 2  detergent 3  detergent 4  detergent 5  no class 
predicted as 
15  0  0  0  0  0 
detergent 1 
predicted as  0  15  0  0  0  0 
detergent 2 
predicted as  0  0  15  0  0  0 
detergent 3 
predicted as  0  0  0  15  0  0 
detergent 4 
predicted as  0  0  0  0  15  0 
detergent 5 
predicted as 





    INGREDIENT A  INGREDIENT B  INGREDIENT C  INGREDIENT D  INGREDIENT E   
    recovery  stdev  recovery  stdev  recovery  stdev  recovery  stdev  recovery  stdev   
 
DETERGENT 1 
cal set  100.02 %  1.24 %  100.01 %  1.04 %  100.02 %  1.36 %  100.00 %  0.66 %  100.00 %  0.37 %   
  val set  99.72 %  2.44 %  99.74 %  0.95 %  99.69 %  2.34 %  99.94 %  2.39 %  100.65 %  1.80 %   





100.01 %  1.05 %  100.02 %  1.54 %  100.00 %  0.63 %   
  val set  99.49 %  1.17 %  100.75 %  2.00 %  100.32 %  2.00 %  99.80 %  1.79 %   






100.02 %  1.25 %  100.04 %  1.94 %  100.00 %  0.87 % 
Not present 
 
  val set  99.65 %  1.48 %  99.80 %  1.45 %  99.85 %  1.90 %   
  ver set  100.91 %  1.42 %  101.29 %  1.55 %  100.35 %  1.56 %   
 
DETERGENT 4 
cal set  100.00 %  0.55 %  100.01 %  1.08 %  100.00 %  0.55 %  100.00 %  0.41 %  100.04 %  2.01 %   
  val set  100.40 %  1.56 %  99.56 %  1.21 %  99.99 %  1.42 %  100.90 %  1.50 %  99.34 %  2.39 %   
  ver set  100.14 %  1.64 %  100.16 %  1.05 %  100.05 %  1.26 %  100.36 %  1.08 %  101.25 %  1.61 %   
 
DETERGENT 5 
cal set  100.01 %  0.98 %  100.01 %  0.83 %  100.01 %  1.11 %  100.00 %  0.34 %  100.01 %  0.90 %   
  val set  100.23 %  0.99 %  100.28 %  1.74 %  100.02 %  0.92 %  100.22 %  0.57 %  99.07 %  1.39 %   








level  of the bias  uncertainty  uncertainty  
12.50 %  0.06019 %  0.1766 %  0.3532 %  2.777 % 
13.53 %  0.05513 %  0.1695 %  0.3391 %  2.509 % 
14.27 %  0.04919 %  0.1533 %  0.3066 %  2.154 % 
14.71 %  0.07427 %  0.2426 %  0.4852 %  3.298 % 
15.15 %  0.07628 %  0.2297 %  0.4595 %  3.077 % 
15.89 %  0.05885 %  0.1709 %  0.3419 %  2.194 % 






Fig.	 1.	 Experimental	 set‐up:	A.	Raman	 superhead	 enclosed	 in	metal	box,	with	 sample	 in	plastic	
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